ABSTRACT Incubation of isolated chloroplast thylakoid membranes with [y-32PJATP results in phosphorylation of surface-exposed segments of several membrane proteins. The incorporation of 32p is light dependent, is blocked by 3(3,4-dichlorophenyl-1,1-dimethylurea (diuron, an inhibitor of electron transport), but is insensitive to uncouplers of photophosphorylation. Polypeptides of the light-harvesting chlorophyll a/ b-protein complex are the major phosphorylated membrane proteins. Addition of ATP to isolated chloroplast thylakoid membranes at 20'C results in a time-dependent reduction of chlorophyll fluorescence emission; this is blocked by diuron but not by nigericin. ADP could not substitute for ATP. Chlorophyll fluorescence induction transients showed a decrease in the variable component after incubation of the membranes with ATP. Chlorophyll fluorescence at 77 K of phosphorylated thylakoid membranes showed an increase in long-wavelength emission compared with dephosphorylated controls. We conclude that a membrane-bound protein kinase can phosphorylate surface-exposed segments of the light-harvesting pigmentprotein complex, altering the properties of its interaction with the two photosystems such that the distribution of absorbed excitation energy increasingly favors photosystem I. The photosynthetic membranes (thylakoid membranes) of plant (1) and green algal (2) chloroplasts contain several polypeptides that are reversibly phosphorylated on surface-exposed threonyl residues (3). The protein kinase that phosphorylates the polypeptides is membrane bound, is dependent on Mg2+, and is activated by light (4). Dephosphorylation is due to a thylakoid-bound phosphatase that is stimulated by Mg2+ but is not dependent upon illumination (3). The favored substrates of both enzymes are two polypeptides (24,000 and 26,000 daltons) that are constituents of the light-harvesting chlorophyll-protein complex (LHC) (5, 6). Together these polypeptides account for about 30% of the total intrinsic thylakoid protein. Their function is to organize about half the chlorophyll (Chl) a and most of the Chl b of the membrane into an antenna complex that absorbs photons and subsequently directs excitation energy to the core complexes of photosystems I and II (PS I and II) (7-9).
METHODS
Plants. Seedlings of dwarf pea (Pisum sativum L. var. Progress 9) were grown as described (12) . Leaves were harvested from 12-to 20-day-old seedlings.
Materials. High-specific-activity ['y-32P]ATP was obtained from The Radiochemical Centre (Amersham, England). Xray-sensitive film (Kodirex) was supplied by Kodak Limited (Hemel Hempstead, Herts, England).
Isolation and Phosphorylation of Thylakoids. Leaves (20 g ) were homogenized in 100 ml of 0.35 M sucrose/25 mM Hepes-NaOH, pH 7.6/2 mM Na4EDTA/2 mM -isoascorbate by a Polytron (Kinematica Gmbh, Lucerne, Switzerland), and the homogenate was filtered twice through eight layers of muslin that had been washed in water and cold homogenizing medium. The filtrate was centrifuged at 2800 X g for 1 min, the pellet was resuspended in 20 ml of 10 mM Tricine-NaOH, pH 7.8/10 mM MgCl2/5 mM 2-mercaptoethanol, and the suspension was left on ice for 5 min to permit osmotic rupture of the chloroplasts. The suspension was centrifuged at 2800 X g for 5 min and the pellet was washed by resuspension in 10 ml of resuspending medium followed by a second centrifugation. The final pellet of washed thylakoids was suspended in 0.1 M sorbitol/10 mM Tricine-NaOH, pH 7.8/10 mM MgCl2/1 mM KCI/5 mM 2-mercaptoethanol to a final concentration of 200 gg of Chl per ml.
Portions (500 ,ul) of the thylakoid suspension were equilibrated for 5 min in an illuminated water bath (200C; photosynthetically active light of 400-700 nm: 500 ME m2 sec-l) in the presence of all indicated additions except ATP. Phosphorylation was initiated by addition of ['y-32P]ATP (100 Ci/ mol; 1 Ci = 3.7 X 1010 becquerels) to a final concentration of 200 ,M, except for the Km determination, when 10-600 ,uM ATP was used. After incubation periods specified in Figs. 1 and  2 and Table 1 , proteins were extracted from the membrane and precipitated by addition of acetone (2 ml). For incubation with and without trypsin, two identical samples were incubated for 5 min at 200C in the light in the presence of 200 AM [,y-32P]ATP and then placed on ice for 5 min. Trypsin was added to one sample (final concentration, 50 ,g ml-'). After a further 25 min on ice, material was extracted from the two membrane samples with acetone. The proteins that precipitated out of the acetone solution were analyzed by NaDodSO4/polyacrylamide gel electrophoresis, and the gels were stained, dried, and autoradiographed as described (1, 3) . Radioactivity incorporated into the LHC protein doublet (24,000-and 26,000-dalton polypeptides) was determined by excising the stained bands from gels and measuring radioactivity by Cerenkov spectrometry (1). The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 77 (1980) Fluorescence Measurements. For measurements of steady-state chlorophyll fluorescence and fluorescence inductions at room temperature, membrane samples were suspended in 50 mM Tricine-NaOH (pH 7.8) containing 10 mM MgCl2, 100 mM sorbitol, and a final concentration of 5 jug of Chl per ml. Membranes were preincubated in the dark for 10 min. Inductions were recorded as described (12) .
Low-temperature fluorescence emission spectra were measured at 77 K by the dual-channel ratiometric acquisition method with a System 4000 scanning polarization spectrofluorimeter (SLM Instruments, Urbana, IL). Samples were rapidly frozen in 0.5-mm (inner diameter) capillary tubes in 50 mM Tricine-NaOH, pH 7.8/10 mM MgCl2/50% (vol/vol) glycerol.
RESULTS
Thylakoid Protein Phosphorylation. In the presence of 200 ,AM ['y-32P]ATP and 10 mM MgCl2, isolated illuminated pea thylakoids incorporated radioisotope into several membrane polypeptides (Fig. 1) . Two polypeptides of the LHC (24,000 and 26,000 daltons) were the most heavily labeled phosphoproteins.
Phosphorylation of the LHC polypeptides did not follow a linear time course ( Fig. 2A) . During the first minute of sample illumination, phosphorylation was rapid, but thereafter the additional amount of 32p incorporation declined; during the 5-to 10-min period, the rate was only 20% of the initial rate. Incubation of phosphorylated membranes with trypsin at 00C for 30 min led to an almost total loss of radioactivity from the membrane (Table 1) . We have previously shown that for the LHC polypeptides, trypsin treatment results in cleavage of 10 amino acids from the surface-exposed segment of each chain (6) . These surface-exposed segments carry the phosphorylation sites (3, 6) . Incubation in the absence of trypsin led to a slight loss of radioactivity (Table 1) . This effect has been reported previously (3) and probably indicates that the phosphatase is active to some extent even at 00C.
Room-Temperature Fluorescence. Analysis of Chl fluorescence at room temperature allows characterization of the redox state of the primary electron acceptor for PS II. It also provides information relating to the distribution of absorbed excitation energy between PS I and 11 (8, 13, 14) . When isolated thylakoids were continually illuminated at room temperature in the presence of 10 mM MgCl2, the fluorescence yield over several minutes remained relatively constant (Fig. 3A) . The addition of ATP (200 ,M) led to a rapid decline in fluorescence during the first 20 sec and was followed by a slow decrease that persisted for several minutes (Fig. 3B) . Nigericin reversed the rapid phase of fluorescence decrease but did not affect the slow fluorescence decline.
Addition of nigericin to thylakoids prior to addition of ATP (Fig. 3C) prevented the rapid phase of fluorescence quenching induced by ATP (presumably related to membrane energization and associated conformational changes), yet allowed the slow decline to go to completion with a half-time of about 3 min. This time factor is closely comparable with the measured half-time of LHC protein phosphorylation (Fig. 2A) . The slow fluorescence decrease induced by ATP resembled protein phosphorylation in its sensitivity to diuron. When ATP was added to thylakoids after addition of nigericin and diuron (Fig. 3D) , the slow fluorescence decline was no longer observed. When diuron was added after 2 min of incubation in the presence of ATP, a reversal of the slow fluorescence decline was observed (Fig. 3F ). This reversal is expected because the thylakoid phosphoprotein phosphatase is insensitive to diuron (3). ADP could not replace ATP in causing a fluorescence decrease (Fig. 3E) . As an unrelated point, diuron decreases the fluoresence yield of the isolated chloroplasts by about 15%; this is consistent with the observations of Vernotte et al. (15) .
Chl fluorescence induction transients were used to determine if the fluorescence decrease, occurring concomitantly with protein phosphorylation, was a general quenching effect or a dynamic quenching specific for altered functional properties of the light-harvesting pigment bed. For these experiments, chloroplasts were preincubated in reaction solutions to allow protein phosphorylation. At various intervals (see Fig. 4 ), samples were removed, incubated in the dark (to reoxidize the electron transport chain) for 10 min at 00C in the presence of 10 mM NaF (to inhibit the endogenous phosphatase), and then analyzed via fast fluorimetry to determine immediate (Fo) and maximal (Fm) fluorescence intensities. In chloroplasts collected figure) followed by 10 min in the dark. AT-P (200 ,gM) was added to the suspension 2 min prior to illumination. At indicated times, 50-,gl chloroplast samples were removed and transferred to ice-cold fluorescence assay medium containing 10 mM NaF. After a 10-min incubation in the dark on ice, diuron was added to each sample to a concentration of 5 uM. Induction transients were acquired with a digital oscilloscope; (Inset) tracings of the plotted fast records are shown for dephosphorylated membranes (zero time, -) and phosphorylated membranes (5 during the light treatment, a specific decrease in Fm occurred (Fig. 4) ; this change was reversed if incubation in the light was followed by a subsequent incubation of the thylakoids in the dark in the absence of NaF, in which the phosphatase is known to be active in dephosphorylating the LHC. In addition, if 20 mM EDTA was added to the chloroplast samples during the dark 2 min prior to analysis, the fluorescence intensity of all samples was reduced to a "low-salt" level (see ref. 16 ). In these "low-salt" samples, pretreatment conditions allowing protein phosphorylation did not affect Fo or Fm levels; i.e., protein phosphorylation cannot influence fluorescence under conditions of maximal energy transfer from PS II to I.
At 77 K, the fluorescence emissions of the PS II and PS I pigment beds are clearly distinguished by peak emission near 685695 and 7530740 nm, respectively (17) . Fig.   1 shows The data supporting this concept rely on the parallel time course of phosphorylation of the LHC and changes in Chl fluorescence (indicating changing energy distribution). Both phenomena (phosphorylation and fluorescence changes) are dependent upon light and ATP, are insensitive to uncouplers, are blocked by the electron transport inhibitor diuron, and are reversible in the dark when a membrane-bound phosphatase is known to be active (3) . The fluorescence quenching occurring at 20'C under conditions of protein phosphorylation is specific for the variable component of fluorescence and is not observed in "low-salt" chloroplasts. These data indicate a dynamic quenching which can be explained by an increased energy transfer from the PS II pigment bed to that of PS I (which has a much lower fluorescence yield at 20'C). Such a change is supported by the increased relative PS 1 (734 rm) fluorescence at 77 K in phosphorylated samples.
In summary, these data demonstrate that phosphorylation of the surface-exposed segments of LHC polypeptides results in alterations of the chloroplast pigment bed such that there is an increase in excitation energy transfer from PS II to PS I. In contrast, dephosphorylation potentiates cation-dependent inhibition of this energy transfer. The activation of the kinase (which mediates LHC phosphorylation) by photosynthetic electron transport is therefore the central process by which chloroplasts exert physiological control of photosynthetic light-harvesting efficiency.
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